The angiotensin converting enzyme inhibitor captopril prevents myosin-induced experimental autoimmune myocarditis. Captopril inhibits production of angiotensin II and increases bradykinin signaling, among other actions. To test whether captopril inhibits disease through blockade of angiotensin signaling, we tested the ability of losartan, an angiotensin II receptor blocker, to prevent myosin-induced myocarditis. A/J mice immunized with the heavy chain of cardiac myosin in complete Freund's adjuvant develop acute myocarditis by day 21 post-immunization, consisting of severe focal inflammation, necrosis and fibrosis. Administration of losartan (250 mg/L in the drinking water) or captopril (75 mg/L in the drinking water) significantly reduced inflammation, necrosis and fibrosis in myosin-immunized mice. The heart weights and the heart weight-to-body weight ratios were also significantly reduced in both treatment groups. However, whereas captopril reduced myosin-specific delayed-type hypersensitivity, losartan did not. Both captopril-treated mice and losartan-treated mice showed a decrease in myosin-specific autoantibody production. Because losartan treatment significantly reduced myocarditis, fibrosis and autoantibody production in EAM, it is likely that prevention of angiotensin II receptor stimulation is a major mechanism underlying the inhibition of myosin-induced myocarditis by captopril. Published by Elsevier Ireland Ltd.
Introduction
Myocarditis, inflammation of the heart, is characterized by myocyte necrosis and degeneration with mononuclear cell infiltration in the presence or absence of fibrosis [1] . In the United States, approximately 2500 people are believed to develop myocarditis each year [2, 3] , although the actual number is likely to be much higher [4, 5] . Causes of myocarditis vary widely and include infections with bacteria, viruses, parasites and fungi, exposure to drugs and toxins and autoimmune diseases. Viral myocarditis is commonly caused by coxsackievirus B3 infection in North America and Europe, while parasite-induced myocarditis is commonly caused by the protozoan parasite Trypanosoma cruzi in Central and South America [6] .
Treatments for myocarditis are directed toward reducing or eliminating the inciting agent when possible and tailoring therapy toward the associated complications such as congestive heart failure, osartan amm shock, dysrhythmias and thromboembolism [7] . These complications are typically managed with sodium restriction, diuretics, digitalis, beta blockers and vasodilators [8] . The renin-angiotensin system is a key target of vasodilator therapy. Vasoconstriction induced by angiotensin II (Ang II) signaling of vascular smooth muscle cells can be inhibited by blockade of Ang II receptors or by prevention of the conversion of angiotensin I (Ang I) to Ang II by angiotensin converting enzyme (ACE). One commonly prescribed ACE inhibitor, captopril, has been used successfully to treat a wide variety of cardiovascular diseases, with few side effects.
Captopril acts primarily on the renin-angiotensin system. Normally, the inactive precursor peptide angiotensinogen is formed in the liver and converted to the inactive intermediate Ang I, a decapeptide, by renin, produced in the juxtaglomerular apparatus in the kidney. The two carboxyterminal amino acids are cleaved, converting Ang I to the active eight amino acid peptide Ang II by ACE, a metalloprotease. Ang II then binds to its target receptors, type 1 (AT 1 R) and type 2 (AT 2 R). AT 1 R has been better characterized and is responsible for many of the known actions of Ang II. The overall effects of Ang II signaling are to increase intracellular volume, peripheral vascular resistance and blood pressure.
Captopril binds to ACE via its peptide-binding pocket and inhibits its activity. In particular, it inhibits the formation of Ang II from Ang I and prevents the degradation of bradykinin [9, 10] . By interfering with the reninangiotensin system and bradykinin pathways, captopril reduces osartan arterial pressure, peripheral vascular resistance and cardiac filling pressure and increases cardiac output. Captopril is also an osartan amatory agent, acting through the immunomodulatory actions of Ang II and the downstream effects of bradykinin. Among the many ACE inhibitors and Ang II receptor antagonists, captopril has been shown to modulate chemotaxis, motility, adhesion, differentiation, activation and cytokine and chemokine production of immune cells [10] . Together, the effects of captopril result in reduced inflammation and fibrosis, improvement of cardiac function and enhanced survival in heart failure patients. Captopril is effective at ameliorating many human cardiomyopathies [11, 12] although its direct effect in human myocarditis has not been addressed. The drug decreases inflammation, calcification and fibrosis in several models of infectious myocarditis including those caused by encephalomyocarditis virus [13] [14] [15] , coxsackievirus B 3 [16] [17] [18] and T. cruzi [19] .
In addition, various animal models of myocarditis and other cardiomyopathies have shown amelioration of disease with captopril treatment. An established model of experimental autoimmune myocarditis (EAM) is induced in susceptible strains of mice upon immunization with the α heavy chain of cardiac myosin [20] . EAM is histologically similar to human myocarditis, with myocyte swelling and necrosis accompanied by mononuclear cell infiltration and fibrosis. Studies have shown that EAM is a T-cell-mediated disease, involving both CD4 + and CD8 + subsets [21] [22] [23] [24] [25] . B cells are not vital for antigen presentation in EAM and autoantibodies are not necessary for the development of myocarditis [21, 26, 27] . The effects of captopril on experimental models of antigen-induced autoimmune myocarditis have only recently been addressed [28] .
Both ACE inhibitors and Ang II receptor antagonists have been used to treat a variety of cardiovascular diseases, including hypertension and cardiomyopathy. However, there have been very few studies investigating the effects of Ang II type 1 receptor (AT 1 R) blockade in experimental myocarditis [15, [29] [30] [31] and even fewer on autoimmune myocarditis [32, 33] . To study the effect of AT 1 R antagonism on the development of autoimmune myocarditis, we compared the effects of the AT 1 R blocker losartan and the ACE inhibitor captopril on the development of myosin-induced autoimmune myocarditis. Losartan ameliorated cardiac inflammation, although not quite to the degree seen with captopril. While the decrease in myosin-specific antibody production was similar in mice treated with either drug, myosin-specific delayed-type hypersensitivity (DTH) was only reduced in the captopril-treated animals.
Methods

Experimental animals
Four-to six-week-old male A/J mice (Jackson Laboratories, Bar Harbor, ME) were housed under specific pathogenfree conditions. Mice were anesthetized by a single intraperitoneal injection of sodium pentobarbital (60 mg/kg) for each experimental manipulation. The use and care of mice were conducted in accordance with the guidelines of the Center for Comparative Medicine at Northwestern University.
Treatment regimen
Some groups of mice were given captopril or losartan in their drinking water from initial myosin immunization to day of sacrifice. The drug solutions was changed twice per week and freshly prepared each time. Losartan tablets (Merck, Rahway, NJ) were crushed into a fine powder before use and captopril powder (the kind gift of Dr. Agostino Molteni) was used directly.
Serum ACE activity
Serum ACE activity was determined by the spectrophotometric method of Groff et al. [34] . Briefly, the ACEcatalyzed hydrolysis of Hip-Gly-Gly was coupled to an indicator reaction, catalyzed by γ-glutamyltransferase (GGT). Gly-Gly is coupled to L-γ-glutamyl-3-carboxy-4-nitroanilide by GGT, producing a chromophore that is measured by absorbance at 410 nm over a 2-min period in an Ultrospec 3000 UV/Visible Spectrophotometer (Pharmacia Biotech, Piscataway, NJ). ACE activity was determined by comparison of the absorbance change of each sample with that produced by defined Gly-Gly standards and then normalized to a commercialized ACE standard (Sigma, St. Louis, MO).
Preparation of myosin
Cardiac myosin heavy chains were purified according to the method of Shiverick et al. [35] , with modifications as described [36] . Briefly, mouse hearts were minced and homogenized in 10 volumes of ice-cold KCl buffer (0.3 M KCl, 0.15 M K 2 HPO 4 , 10 mM Na 4 P 2 O 7 , 1 mM MgCl 2 , pH 6.80). Myosin was extracted from the muscle homogenate by stirring at 4°C for 90 min. The suspension was centrifuged at 140,000×g for 1 h at 4°C and the decanted supernatant was diluted with 20 volumes of water and incubated at 4°C overnight to precipitate the myosin. The precipitate was collected by centrifugation at 12,000×g for 30 min at 4°C and suspended in ice-cold imidazole buffer (0.5 M KCl, 10 mM imidazole, 5 mM MgCl 2 , 5 mM Na 2 ATP, 2 mM DTT, pH 6.80). The solution was then centrifuged at 43,000×g for 30 min at 4°C to remove actin. The myosin was precipitated in 8 volumes of ice-cold water at 4°C overnight. The following day the precipitate was collected by centrifugation at 12,000×g for 30 min at 4°C and the pellet was suspended in the imidazole buffer and centrifuged at 43,000×g for 30 min at 4°C to remove residual actin. The supernatant was again precipitated overnight at 4°C in 6.5 volumes of ice-cold water. The precipitate was then collected by centrifugation at 12,000×g for 30 min at 4°C and suspended in 50 mM Na 4 P 2 O 7 , pH 6.8. Protein concentration was determined by comparing dilutions of the purified myosin solution with known concentrations of purified rabbit myosin heavy chain standards (Sigma, St.
Louis, MO) by SDS-PAGE (REF).
Total heart homogenate was prepared by washing A/J hearts with PBS, mincing hearts with a razor blade and performing homogenization and lyophilization on hearts.
Immunizations
Mice were immunized with an emulsion of myosin (300 μg) in complete Freund's adjuvant (CFA), ovalbumin in CFA or saline (PBS) in CFA, in a total volume of 0.1 ml. Three sites in the dorsal flank were given subcutaneous injections. Mice were given a second immunization of the same emulsion seven days later in an identical manner.
Histopathology
Hearts were removed, rinsed with PBS and fixed for 24 h in 10% buffered formalin. Fixed hearts were embedded in paraffin, sectioned, stained with hematoxylineosin or Masson's trichrome and examined by light microscopy. Two sections were taken from each heart, one including both atria and the other both ventricles. Each section was examined for evidence of mononuclear and polynuclear cellular inflammation, necrosis and mineralization and fibrosis and was assigned a histologic score and a fibrosis score between 0 (no involvement noted) to 4 (100% involvement), with 1, 2, 3 representing 25%, 50% and 75% involvement of the histologic section [19] (see Fig. 1 ). 
Serologic analysis
Levels of cardiac myosin-specific IgG were analyzed by enzyme-linked immunosorbent assay (ELISA). Briefly, Maxisorp plates (Nalge Nunc, Rochester, NY) were coated overnight at 4°C with 100 μl of cardiac myosin (2.5 μg/ml) in PBS. The plates were washed with PBS containing 0.05% volume/volume Tween-20 and then blocked with 2% BSA and 5% normal goat serum. The plates were then incubated with twofold serial serum dilutions (1:10 initial dilution for 16 dilutions) for 2 h at 37°C. After washing, peroxidaseconjugated anti-mouse IgG (H + L) (0.25 μg/ml, KPL), was added for 1 h at 37°C. The bound enzyme was detected with the 3,3′,5,5′-tetramethylbenzidine substrate (KPL) and was quantitated by measurement of the A450 in a Kinetic MicroPlate Reader (Molecular Devices, Sunnyvale, CA). End-point dilution titers for total IgG were defined as the highest serum dilution that resulted in an absorbance value (OD 450 ) of two standard deviations above the mean of a negative control (pooled sera from unimmunized mice) included in every plate.
Delayed-type hypersensitivity
Myosin-specific delayed-type hypersensitivity (DTH) was quantitated using a standard ear swelling assay. Prechallenge ear thickness in pentobarbital-anesthetized animals was measured with a Mitutoyo model 7326 engineer's micrometer (Mitutoyo MTI Corporation, Aurora, IL). Myosin antigen (10 μg in 0.15 M K 2 PO 4 , 0.01 Na 4 P 2 O 7 , 0.3 M KCl, pH 6.8) was injected intradermally into the dorsal surface of the ear using a 100-μl Hamilton syringe fitted with a 30-gauge needle. Bovine serum albumin was injected in the opposite ear as an injection control. After 24 h, the net swelling of the injection control ear was subtracted from the net swelling of the myosin ear and expressed in units of 10 − 4 inch. Antigen-induced ear swelling was the result of mononuclear cell infiltration and exhibited typical DTH kinetics (i.e., minimal swelling at 4 h, maximal swelling at 24-48 h post-injection).
Statistical analysis
The statistical significance of DTH, log transformed (base 2) antibody titers and ACE activity were analyzed by oneway ANOVA followed by a 2-tailed t-test and post hoc Bonferroni analysis. Histologic scores and fibrosis scores were analyzed by the Mann-Whitney test. Histopathologic analysis was conducted on hearts of both expired and sacrificed mice unless otherwise stated. Values of p b 0.05 were considered significant. All values are expressed as mean ± SEM. The statistical significance of differences in disease incidence and histologic disease was determined by Pearson's χ 2 test. Table 1 Heart weight and heart weight-body weight ratio are both reduced by losartan and captopril in myosin-immunized mice 
Results
Cardiac hypertrophy
Mice were immunized with myosin, ovalbumin (Ova) or saline and were treated with captopril, losartan or water. At 21 days post-immunization, heart weights (HW) and body weights (BW) were recorded and HW to BW ratios were calculated to assess cardiac hypertrophy (Table 1) . Among the myosin-immunized mice, the HW to BW ratio was significantly lower in the captopril-treated and losartantreated groups than in the group receiving no drug. There was a significant reduction in HW of losartan-treated, myosin-immunized mice compared to untreated controls. Interestingly, captopril treatment but not losartan treatment led to a decrease in HW and BW even in mice immunized with Ova or saline, suggesting that this drug affects the growth of the animal generally.
Myocarditis
To investigate whether the gross reduction of hypertrophy corresponded to a difference in tissue inflammation, histopathologic analysis was performed on hearts removed from myosin-and saline-immunized mice at 21 days postimmunization (Fig. 1) . The captopril-treated myosin-immunized mice had a significant reduction in the incidence and severity in myocarditis, consistent with previously published results [28] (Fig. 2) . Disease incidence was reduced by 38%. Losartan also significantly reduced the incidence and severity of myocarditis in myosin-immunized mice, but not to the degree of the captopril-treated group. Disease incidence was only reduced by 16%. Fibrosis was also significantly reduced in both the captopril and losartantreated, myosin-immunized mice compared to control (Fig. 3) . The control groups did not have any histologic findings of mononuclear cell infiltration, except for two mice in the captopril-treated, Ova-immunized group and one mouse in the untreated Ova-immunized group. In our experience, an occasional naive A/J mice spontaneously develops focal myocarditis. This finding is statistically insignificant.
Serum ACE levels
The efficacy of captopril treatment was tested by assaying for serum ACE levels at 21 days post-immunization. Serum ACE increases in response to a decrease in Ang II, which occurs as a result of ACE inhibition by captopril [37] . As expected, captopril-treated mice had significantly higher levels of ACE than did untreated controls. However, mice treated with losartan did not show an increase in serum ACE levels ( Table 2) .
Antigen-specific delayed-type hypersensitivity
DTH responses were investigated to help determine the role of T-cell-mediated responses in reducing myocarditis in Fig. 3 . Myocardial fibrosis is reduced in both captopril-treated and losartan-treated mice immunized with myosin. A/J mice were immunized with myosin in complete Freund's adjuvant (myosin/CFA), Ova in CFA (Ova/CFA) or saline in CFA (PBS/CFA). Treatment with captopril (C), losartan (L) or water (W) was started from day of immunization throughout the course of disease. Mice were sacrificed on 21 d.p.i. and heart sections were stained with Masson's trichrome for fibrosis scoring based on the scoring system similar to that shown in Fig. 1 for mononuclear cell infiltration (inflammatory score) . ⁎ pb 0.001 compared to control (no treatment). (20) 109.7 ± 5.5 Ova/CFA Captopril (9) 272.9 ± 10.2 ⁎ Losartan (5) 108.4 ± 5.4 No drug (10) 106.0 ± 5.5 PBS/CFA Captopril (9) 265.3 ± 12.7 ⁎ Losartan (5) 141.0 ± 7.1 No drug (9) 133.0 ± 11.0 a A/J mice were immunized with myosin in complete Freund's adjuvant (myosin/CFA), Ova in CFA (Ova/CFA) or saline in CFA (PBS/CFA).
b Treatment with captopril, losartan or water was started from day of immunization throughout the course of disease. Values shown are expressed ±standard error of the mean. ⁎ p b 0.05, compared to the group receiving no drug.
captopril-treated mice. Mice were challenged with the specific antigens Ova and myosin in Ova-immunized and myosin-immunized mice, respectively, on 20 days postimmunization. DTH responses were read on 21 days postimmunization. DTH response to myosin in captopril-treated myosin-immunized mice was significantly decreased, which is consistent with previous studies [28] (Fig. 4) . Losartantreated myosin-immunized mice challenged with myosin antigen did not have a reduction in DTH. Captopril-treated Ova-immunized mice challenged with Ova also showed a significant decrease in DTH response. Ova-immunized mice treated with losartan did not have a significant decrease in DTH.
Antigen-specific antibody production
Antigen-specific antibody production was measured by ELISA to determine the effect of losartan on humoral autoimmunity. Humoral immunity to myosin or Ova are not significantly affected by captopril treatment [28] . In the current study, there was a statistically significant reduction in myosin autoantibodies in both captopril-treated and losartan- treated, myosin-immunized mice (Fig. 5) . However, there was no difference in antibody production among the various Ova-immunized groups.
Discussion
The primary goal of this study was to compare the efficacies of ACE inhibition and Ang II receptor antagonism for the prevention of myosin-induced experimental autoimmune myocarditis. Among the various activities of captopril, ACE inhibition and its consequent reduction in Ang II receptor signaling seemed a probable mechanism by which the drug prevents myocarditis. We found that both captopril and losartan reduced myocarditis as shown by a reduction in cardiac hypertrophy and a reduction in the incidence and severity of cardiac inflammation and fibrosis. The reduction in HW and HW to BW ratio in myosin-immunized mice by both captopril and losartan was also observed in studies of encephalomyocarditis virus (EMCV) infection [14, 15, 29] . Losartan-treatment of EMCV-infected mice decreased left ventricular wall thickness and myofibrillar diameter, although there was no difference in inflammation [14] . This is likely due to the fact that EMCV infection has several pathogenetic mechanisms. The recent finding that olmesartan, another AT 1 R antagonist, reduced the HW to BW ratio and decreased myocarditis in a myosin-immunized rat model [32] further supports the notion that infectious and noninfectious myocarditis models are differentially modulable by these agents. Further, although captopril decreases myocarditis and DTH responses in experimental Chagas disease, HW and HW to BW ratio were not reduced [19] . The conclusion from the collective studies is that captopril and losartan decrease HW and HW to BW ratio in noninfectious models of autoimmune myocarditis but may have variable effects on these parameters in infectious disease models, depending on the existence of multiple mechanisms of tissue inflammation. Captopril reduced cell-mediated immunity as measured by a reduction of myosin DTH and Ova DTH in immunized mice, as observed previously [19, 28] . Interestingly, losartan did not reduce these DTH responses. This constitutes an important distinction between ACE inhibition and AT 1 R blockade and indicates that these two interventions have differential effects on cellular immunity. Our previous work demonstrated that captopril generally suppresses cell-mediated immunity as evidenced by the reduction in myosin and Ova DTH [28] . However, even though the captopril-treated mice showed reduced DTH, splenocytes derived from these animals proliferated normally when cultured ex vivo with antigen. This indicated that the reduction in cell-mediated immunity was not due to a direct effect on T cell activation or effector function. Captopril may therefore reduce inflammation by inhibiting recruitment of T cells to the heart or by reducing local inflammatory processes.
The reduction in inflammation seen in the captopriltreated and losartan-treated, myosin-immunized mice could be directly due to the level of Ang II. A feedback loop operates at the level of ACE, in which ACE inhibition leads to a decrease in Ang II, which stimulates ACE production and leads to increased levels of "ineffectual" serum ACE. As expected, ACE activity was increased in the captopril-treated group to at least two times that of control groups, consistent with previously published results [28] . However, there was no increase in ACE activity in the losartan-treated group. This would suggest that Ang II levels in the losartan-treated group are probably about the same as control and therefore ACE production is not induced.
Alteration of the immune response by captopril and losartan is not restricted to effects on cell-mediated immunity. Myosin-specific antibody responses were also reduced in both the captopril-and losartan-treated groups, although Ova-specific antibody responses in Ova-immunized mice were not. This finding has not been previously shown and contradicts previous work that showed no difference in myosin-specific antibody responses among various treatment groups [19, 28] . Others have shown a generalized decrease in antibody levels, but none of these decreases was antigen-specific [38, 39] . Two mechanisms might explain the reduction in the humoral response: (i) limitation of B cell responses via inhibition of cardiac myosin-specific B cell expansion, or (ii) limitation of secretion of cardiac myosin-specific IgG antibodies. Since there was a reduction in the myosin-specific antibody response but not in the Ova-specific antibody response, this might suggest that heart damage induced by the myosinspecific T cell response boosted the magnitude of the B cell response above that stimulated by immunization alone. If an overall decrease in the B cell response was due to a decrease in cell differentiation and migration, then Ova-specific antibody production would also have been reduced. The role of T cell-B cell interactions and the participation of specific cytokines were not examined in this study.
The exact mechanism(s) by which captopril reduces autoimmune myocarditis is not known. By blocking a step further downstream of ACE in the renin-angiotensin pathway, we hoped to elucidate the role of Ang II signal interference in the reduction of autoimmune myocarditis by captopril. Although Ang II receptor blockade clearly reduces myocarditis, the effects of captopril and losartan on all immunologic parameters are not superimposable. Ang II is involved in the chemotaxis and adhesion of monocytes and macrophages [10] . Therefore, Ang II may upregulate chemotactic factors important for attracting immune cells to the affected tissue and may induce expression of molecules that enable cells to adhere to endothelium. Ang II has also been shown to modulate the release of cytokines, including IL-6, IL-1β, IL-5 and TNF-α [10] . By blocking the Ang II receptors with losartan, chemotaxis and cytokine release would theoretically be decreased or inhibited and thus cause a decrease in myocarditis.
The other major function of captopril is to inhibit bradykinin degradation by ACE [40] . Not only does bradykinin promote vasodilatation, but also it has additional, multiple cardioprotective effects [41] [42] [43] , including inhibition of fibrosis [44] . Thus, some of the differences in the reduction of inflammation by captopril and losartan may partly be due to captopril's additional effects on the kallikrein-kinin system. Other ACE inhibitors such as enalapril have also been shown to have a beneficial effect in many of these models [10] . There are, however, differences in effect of the various ACE inhibitors. The sulfhydryl group on captopril has the additional function of a free radical scavenger, reducing the amount of oxidative injury to the myocardium [45] .
In conclusion, captopril and losartan are effective at reducing myosin-induced experimental autoimmune myocarditis, although losartan was somewhat less effective. The reduction in cardiac hypertrophy is likely due to a reduction in inflammation, myocyte necrosis and consequent reparative fibrosis. DTH was reduced by captopril but not by losartan. Myosin-specific antibody levels are reduced with both captopril and losartan treatment, but again to a lesser degree with losartan. These collective results suggest that inhibition of Ang II receptor signaling is a major mechanism by which captopril prevents autoimmune myocarditis, although additional effects, including modulation of bradykinin degradation and/or decreases in Ang II levels and recruitment of inflammatory cells are likely to participate as well. These results are consistent with those of additional studies demonstrating the beneficial effects of these agents on various cardiomyopathies [11, 12] , infection-induced myocarditides [13] [14] [15] and experimental autoimmune diseases [36, 45] .
